This contribution demonstrates the fabrication process of dielectric elastomer transducers (DETs). DETs are stretchable capacitors consisting of an elastomeric dielectric membrane sandwiched between two compliant electrodes. The large actuation strains of these transducers when used as actuators (over 300% area strain) and their soft and compliant nature has been exploited for a wide range of applications, including electrically tunable optics, haptic feedback devices, wave-energy harvesting, deformable cell-culture devices, compliant grippers, and propulsion of a bioinspired fish-like airship. In most cases, DETs are made with a commercial proprietary acrylic elastomer and with hand-applied electrodes of carbon powder or carbon grease. This combination leads to non-reproducible and slow actuators exhibiting viscoelastic creep and a short lifetime. We present here a complete process flow for the reproducible fabrication of DETs based on thin elastomeric silicone films, including casting of thin silicone membranes, membrane release and prestretching, patterning of robust compliant electrodes, assembly and testing. The membranes are cast on flexible polyethylene terephthalate (PET) substrates coated with a water-soluble sacrificial layer for ease of release. The electrodes consist of carbon black particles dispersed into a silicone matrix and patterned using a stamping technique, which leads to preciselydefined compliant electrodes that present a high adhesion to the dielectric membrane on which they are applied.
Introduction
Dielectric elastomer transducers (DETs) are soft devices that consist of an elastomeric dielectric membrane (typically 10-100 µm thick), sandwiched between two compliant electrodes, thus forming a rubbery capacitor 1 . DETs can be used as actuators capable of producing very large strains (up to 1,700% surface strain has been demonstrated) 2 , soft strain sensors 3 , or as soft power generators 4 . When used as actuators, a voltage is applied between the two electrodes. The generated electrostatic force squeezes the dielectric membrane, reducing its thickness and increasing its surface area (Figure 1) 1 . In addition to actuators, the same basic structure (thin elastomer membrane and stretchable electrodes) can be used as strain sensor or energy harvesting devices, taking advantage of the change of capacitance induced by mechanical deformation. The large strains generated by dielectric elastomer actuators (DEAs) and their soft and compliant nature has been used for many applications, such as electrically tunable lenses 5 , rotary motors 6 , deformable cell-culture devices 7 , and propulsion of a bio inspired fish-like airship 8 .
Most DETs reported in the literature use a proprietary acrylic elastomer film from 3M named VHB as dielectric elastomer membrane, because it has been showed to exhibit very large actuation strains 1 . The availability of this material in film form is also a key factor in its wide use for DET applications, even though (actuation strain set aside), it has a number of important drawbacks, such as mechanical losses and viscoelastic creep that limit its response speed, a small operating temperature range, and a propensity for tearing. In comparison, silicone elastomers can also be used as dielectric membrane for DETs, leading to devices with a response speed 1,000 times faster than acrylic elastomers, due to their much reduced mechanical losses 9 . In addition, they are available in a large range of hardnesses, which gives additional design freedom. However, silicones are usually sold in a viscous base form, which must be applied in thin-membranes to be used for DETs. However, this provides yet an additional degree of freedom, as the thickness of the membrane can be freely chosen and is not imposed by the manufacturer, as is the case for premade films.
This protocol shows the fabrication of a dielectric elastomer actuator. However, it can be also applied with little to no modification for the fabrication of dielectric elastomer transducers in a larger sense, including energy harvesting devices and strain sensors. We present here a method for large area (A4) casting of thin (10-100 µm) silicone films on flexible PET substrates coated with a water-soluble sacrificial layer. The sacrificial layer reduces the forces required to separate the silicone membrane from the substrate, thus reducing the mechanical deformation of the membrane during release. Deformation of the film can lead to anisotropic mechanical properties due to stress-induced softening (Mullins effect) 10 and should therefore be avoided. The electrodes are the second key component of a DET. Their role is to distribute the electrical charges on the surface of the elastomeric membrane. To produce a reliable actuator, the electrodes must be able to withstand repeated strains higher than 20% without cracking, degrading, delaminating, or losing conductivity; furthermore, they must be compliant as to not mechanically stiffen the structure 11 . Among the different techniques that exist to make compliant electrodes, hand-applied carbon black particles or carbon grease are the two most widely used methods
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Representative Results
Silicone membrane casting
Once the silicone membranes are released from the PET substrate and are freestanding on a frame (at the end of step 2.2), their thickness can be measured, for example by transmission interferometry. Figure 6 shows the thickness homogeneity of a silicone layer across the width of the 200 mm PET substrate for 3 different effective gap heights (50, 100 and 150 µm) at a casting speed of 1 mm/sec (note that because the applicator is wider than the PET substrate, the feet of the applicator rest on the vacuum and not on the PET substrate itself, as can be seen in Figure 4A . The effective gap between the applicator and the substrate is therefore equal to the applicator height minus the thickness of the PET substrate. For example a PET substrate of 125 µm and an applicator height of 225 µm, as used in the protocol, leads to an effective gap of 100 µm). For the 50 µm effective gap height, there is a clear height difference between the left and right side of the silicone layer. This is because the height of the applicator must be set manually on the left and right side, and some error is unavoidable. However with careful setting of the applicator, we generally obtain membranes with a thickness standard deviation of less than 1 µm, which is the case for the 100 µm effective gap height (σ=0.81 µm). When the applicator height becomes too large, waviness starts to appear on the membrane, caused by the evaporation of the solvent in the silicone mixture, as is visible in the membrane cast with an effective gap of 150 µm (Figure 6 ).
The relation between the obtained dry film thickness and the applicator height depends on the silicone mixture and the speed of casting. The silicone mixture used in this article consists of a 2-parts silicone, and a solvent to decrease the viscosity of the mixture. As the solvent evaporates from the membrane before curing, an estimate of the film thickness can be obtained by multiplying the effective gap height by the volume fraction of solids in the silicone mixture. However, there are dynamic effects at the trailing of the applicator, leading the creation of a meniscus and a thinner thickness than expected. The relation between the gap height and the resulting dry membrane thickness depends on the casting speed, applicator height, and by the applicator shape. Figure 7 shows the results of an experiment where membranes were cast at different speeds and heights to show how these parameters affect dry film thickness. It can be seen that casting at high speeds leads to thinner membranes, and that the effect of speed becomes more pronounced as the gap height increases.
Actuation Performance
The actuator fabricated here is characterized by measuring the outside diameter of the cog-like electrode as a function of applied voltage. A camera on a fixed stand is used to take pictures of the actuator as the voltage is increased. The images are analyzed with an image processing script (Vision, National Instruments) to quantify the expansion of the actuator. This was done by fitting a circle to the outside perimeter of the cog like electrode (Figure 8 ). The increase in diameter of the circle from the relaxed state is presented as diametral stretch (i.e., the actuated diameter divided by the diameter of the actuator when relaxed). The results of two separate actuators of identical thickness (34.5 µm) are shown in Figure 8 . Both devices perform similarly with diametral stretch of 10% at an actuation voltage of 4 kV.
The response speed of the actuator was measured by applying a 2 Hz square signal of 3 kV, leading to a strain of about 4%. The expansion of the actuator was filmed with a high-speed camera with a time resolution of 0.25 msec. A rising edge was captured, with 200 frames (50 msec) before the voltage trigger, and 200 frames after. The images where then analyzed to extract the time-dependent deformation (Figure 9 ). The rise time (time needed to reach 90% of the final deformation) is 3.75 msec, and there is no observable viscoelastic creep before and after the voltage step, unlike what is observed when acrylic elastomers are used as membranes, for which rise times of several hundreds of seconds are usually observed 12 .
Application of the process flow to other devices
The actuator manufactured in this article demonstrates our fabrication process, as well as the basic functioning principle of a DEA with an increase in surface area of the electrodes upon application of a voltage, and is therefore a good illustration for this tutorial. However, this actuator has no specific purpose other than demonstrating the actuation principle of a DEA. Nevertheless, the process presented here is very versatile and can be used to manufacture a wide variety of soft transducers aimed at specific applications. We present here a few selected examples of applications that we developed based on actuators fabricated using the presented methodology.
Soft bio-inspired tunable lenses have been fabricated (Figure 10A ). These are capable of changing focal length by 20% in less than 200 µsec 9 . The device can be actuated for more than 400 million cycles without noticeable decrease in actuation performance, which shows that the combination of adequate materials and good fabrication processes result in DEAs with fast response speeds and long lifetimes. Lenses of similar geometry but made using the widely used commercial acrylic elastomer VHB have a bandwidth more than 3 orders of magnitude smaller 9 .
Patterning the compliant electrodes with pad printing allows making very precisely-defined electrodes, thus enabling the fabrication of independent small-scale electrodes on the same membrane. This is for example demonstrated through the fabrication of a DEA-based rotary motor comprising three electrically independent electrodes ( Figure 10B) . The axis and proof mass at the center of the motor can spin at 1,500 rpm 13 . The motor concept has been pushed further to show that pad printing can also produce reliable actuators. A self-commutating rolling robot was built to run laps along a circular track (Figure 10C) . The robot travelled more than 25 km at an average speed of 15 cm/sec 13 .
Other applications that have been produced with the present process (or slight variations thereof) include deformable cell culture systems 14 , Dielectric elastomer generators 15 , multi-segment soft grippers 16 , or tunable mm-wave radio frequency phase shifters In its most simple form, a DEA consists of a soft elastomer membrane sandwiched between two compliant electrodes. (1B) When a DC voltage is applied between the electrodes, the electrostatic charges brought on the electrodes create a compressive stress that squeezes the membrane, leading to a thickness reduction and a surface expansion. Bottom: (2A) the actuator described in the protocol consists of a membrane stretched on a frame. Circular electrodes are on either side of the membrane with extensions to the border of the membrane to allow for electrical connections. The active area is the zone where the two electrodes overlap, i.e., the circle at the center. (2B) When a voltage is applied, the electrostatic force compresses the membrane. This causes a decrease of the membrane thickness in the active area, and an increase of the surface of the electrode. Because the membrane is prestretched, the passive zone around the electrode relaxes to accommodate the expansion of the central active region. Please click here to view a larger version of this figure. 
Discussion
The fabrication process can be summarized as follows. Start by applying a water-soluble sacrificial layer on the PET substrate used for the casting of the membrane. This avoids excessive deformation during the release process that can potentially damage the membrane. The silicone is then casted in a thin layer and cured in an oven. The A4 PET sheet with the silicone coating is cut into circular discs of 55 mm diameter, and stuck to flexible prestretch supports. The prestretch supports are used to manipulate the membrane during the sacrificial layer release and prestretching steps. To separate the membrane from the PET substrate, it is dipped in hot water to dissolve the sacrificial layer. This process allows the membrane to be freed without having to pull on it significantly. Once the membrane is freestanding, it can be prestretched. Prestretching consists in mechanically stretching the membrane in-plane before fixing it on holding frames. This step generates internal tensile forces in the membrane and is necessary for in-plane dielectric elastomer actuators, such as the demonstrator being produced here. In the protocol, we use equi-biaxial stretching, i.e., an equal stretching value in both in-plane directions. However, depending on the application, different prestretching configurations can be used, such as uniaxial (stretching only along x or y, while the membrane is allowed to relax in the other direction), or anisotropic (different values along x and y).
A technique called pad printing is used to precisely pattern a compliant electrode on the prestretched silicone membrane, which allows to precisely define mm-size electrodes on the membrane. In this process, ink is applied with a doctor blade on a cliché (a steel plate on which the design to be printed is etched, and subsequently picked up from the cliché by a smooth silicone stamp before being transferred to the membrane 13 ). Every design requires its own cliché. These can be ordered from specialized companies, which produce them from an electronic drawing of the geometry. To make a stretchable conductive electrode, disperse carbon black in a silicone matrix by shear forces using ball milling, which is a well-known technique to break the agglomerations of carbon black and homogenously disperse the powder in a polymeric matrix 18, 19 . When printing, it is important that the design is printed with a precise positioning and orientation relative to the membrane frame. To do so, use a precision x-y-θ stage and an aligner. The aligner is a piece of PMMA in the same shape as the membrane frame and has the electrode design etched on to its surface using a CNC laser engraver. Before printing on the membrane we print on the alignment plate to check the alignment. If the printed design does not match the etched design we adjust the x-y-θ stage until the two designs overlap (Figure 4H) . In the protocol, the top and bottom electrode have the same design, so the pad printing machine can be left untouched between the applications of the two electrodes. However, in some cases, the electrodes geometries are different for the top and bottom electrode. In that case, while the membranes are in the oven for the curing of the top electrode (i.e., between steps 3.4.3 and 3.4.4), it is necessary to remove the cliché block (the assembly consisting of the cliché held in place on a magnetic block) with the inkpot from the pad printing machine. Then, the installed cliché must be exchanged for the one with the bottom electrode design. Because the cliché block has been moved, it is necessary to conduct a new alignment procedure (step 3.3) using an aligner plate etched with the design of the second electrode. Once both electrodes are applied, they need to be connected to an external driving circuit that supplies the charges for actuation. There are different solutions for making the electrical connections between the compliant electrodes and the driving electronics. Here, a method well-suited for prototyping is shown, using adhesive-covered frames and conductive tape (Figure 3) . For batch production, the use of printed circuit boards with copper pads contacting the electrodes is a better alternative (see Figure 10A for an example of a device made with a commercial PCB).
Use commercial equipment or products for most of the steps of the process flow. The two exceptions are the measurement of the thickness of the silicone membranes and the prestretching steps. For the thickness measurement, use a homemade white light transmission interferometer consisting of a collimated white light source (spot size < 1 mm) traversing the membrane and collected by a spectrometer. The period of the interference fringes of the transmitted light intensity as a function of wavelength is used to calculate the thickness of the membrane 20 . Note that other methods can be used to measure the thickness, but they must be non-destructive, and ideally contactless to avoid deforming the very thin membrane. For the prestretching of the membranes, use a homemade radial prestretcher, which consists of 8 metallic fingers which can be displaced radially. To prestretch a membrane, the fingers are moved inwards so that the prestretch support can be stuck to the fingers of the stretcher (Figure 4E) . To prestretch the membrane, the fingers are moved outwards, thus effectively increasing the diameter of the silicone membrane, leading to equi-biaxial prestretching of the membrane. The eight fingers are connected to an annulus, whose rotation defines the radial separation of the fingers (Figure 5) .
Having an efficient and well-established process flow such as the one presented here is important to manufacture reproducible devices that are robust and reliable. Compared to buying pre-made films, casting thin elastomer membranes gives much design freedom, as it allows choosing and tailoring the properties of the membranes to the application. For example in the case of silicone elastomers, the hardness and elongation at break can be chosen by selecting products with different chain length and density of cross-linking, and the thickness can be varied by adjusting the casting process. The latter point allows for example to choose final membrane thickness and prestretch independently, which is not possible with pre-made films.
The ability to precisely pattern the electrode on a small scale (cm to sub-mm) is also an important requirement for DEAs, as most devices consist of active and passive zones on the same membrane. This implies that the electrode shape must be precisely defined on the membrane. In addition, as electrodes must be applied on both sides of the membrane, it is necessary to align the two electrodes relative to each other: in addition to a precisely defined shape, the electrodes must also be precisely positioned on the membrane. The stamping process presented here fulfills these two requirements. Moreover, pad printing is a fast process, as only a few seconds are required to print an electrode, and actuators can easily be batch-processed using this method. Unlike the widely used carbon grease or loose powder electrodes applied manually, our approach leads to precisely defined electrodes that present a strong adhesion to the membrane on which they are applied. They are very resistant to wear, and cannot be delaminated from the membrane 13 . Despite the fact that pad printing is a contact method, it can be used to apply ink on thin and fragile silicone membranes, because the only part coming in contact with the membrane is a soft silicone stamp. However, there is some unavoidable stiction between the stamp and the membrane, which causes a slight deformation of the membrane once the stamp moves back upwards. If the membrane is too thin, this can lead to the rupture of the membrane. This effectively limits the application of the pad printing method to membranes thicker than 10 µm. For thinner membranes, non-contact patterning methods should be used, such as inkjet printing.
Although DEAs have been studied for more than 15 years, most of today's DEAs are still based on ready-made polyacrylate films combined with hand-applied grease electrodes. These hand made methods have caused DEAs to remain mostly at the state of lab prototypes, with limited adoption by industry, despite the interesting performance of DEAs in terms of strain and power consumption. Although reliable fabrication processes have already been published, they concern the manufacture of unprestretched, stacked contractile actuators obtained with dedicated automated setups 21, 22 . The process flow we present here is a versatile all-purpose process that describes all of the important steps necessary to fabricate a DEA, and which can easily be applied to fit a defined target application.
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